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We study the formation of quantum droplets in the mixture of a single-component Bose-Einstein
condensate (BEC), and a two-species Fermi superfluid across a wide Feshbach resonance. With
repulsive boson-boson and attractive boson-fermion interactions, we show that quantum droplets
can be stabilized by attractive fermion-fermion interactions in the Bardeen-Cooper-Schieffer (BCS)
side of the resonance, and can also exist in deep BEC regime under weak boson-fermion interactions.
We map out the phase diagram for stable droplets with respect to the boson-boson and boson-fermion
interactions, and discuss the role of different types of quantum fluctuations in the relevant regions
of the BCS-BEC crossover. Our work reveals the impact of fermion pairing on the formation of
quantum droplets in Bose-Fermi mixtures, and provides a useful guide for future experiments.
I. INTRODUCTION
The recent experimental observation of self-bound
quantum droplets in dipolar [1–6] or binary Bose-Einstein
condensates (BECs) [7–11] has stimulated wide research
interest [12–20]. Stabilized by a subtle balance between
the attractive mean-field interactions and repulsive quan-
tum fluctuations [21, 22], these exotic liquid-like states
are a direct manifestation of quantum many-body effects,
and open up the avenue of exploring gas-liquid transi-
tion in the quantum regime [23]. As a universal binding
mechanism for the quantum droplet, Petrov pointed out
in his seminal work that [22], in a binary BEC, the mean-
field inter-species attraction, which tends to collapse the
BEC, is counteracted by the Lee-Huang-Yang (LHY) re-
pulsion [24]. Based on such an understanding, quan-
tum droplets are also predicted to exist at lower dimen-
sions [25–29], in spin-orbit-coupled BECs [30], at finite
temperatures [23, 31], and in photonic systems [32, 33].
While most of the early theoretical studies focus on
bosonic systems, people have also started to explore
the existence of quantum droplets in Bose-Fermi mix-
tures [34–38], where the coexistence of different statistics
or distinct quasiparticles play an important role. For ex-
ample, self-bound droplets exist in a mixture of BEC
and non-interacting fermions [37, 38], with attractive
boson-fermion interactions. In such a system, the large
inter-species attraction is balanced by multiple repulsive
contributions: the Fermi degenerate pressure, the LHY
correction of the BEC, and the second-order correction
to the boson-fermion interaction due to density fluctua-
tions [39, 40]. However, owing to the large contribution
from Fermi pressure in the dilute limit, the stabilization
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of droplets requires a strong attractive boson-fermion in-
teraction [37], which is unfavorable experimentally, due
to the inevitable atom loss in the strongly interacting
regime. As a solution, it has been suggested that, by
introducing synthetic spin-orbit coupling to modify low-
energy, single-particle dispersion of the non-interacting
Fermi gas [35], the Fermi pressure can have more favor-
able scaling with the fermion density, such that droplets
are stabilized under weaker boson-fermion interactions.
Alternatively, the Fermi pressure can be lowered by
the formation of Cooper pairs. In particular, assuming
the two-component fermions are close to a wide s-wave
Feshbach resonance, the decrease in Fermi pressure be-
comes even more pronounced as the system is tuned away
from the BCS limit toward the resonance. The fate of
droplets in such a system therefore sensitively depends
on the interplay of the reduced Fermi pressure and quan-
tum fluctuations, both of which can be quite different
from those with a non-interacting Fermi gas. A key ques-
tion is whether these competing factors inherent in the
system can lead to experimentally favorable conditions
for the observation of droplets in Bose-Fermi mixtures.
In this work, we study the stability of quantum
droplets in a mixture of BEC and Fermi pairing su-
perfluids [41, 42], where the fermion-fermion interaction
is tuned across a wide s-wave Feshbach resonance [43].
Given a fixed repulsive boson-boson interaction strength,
we show that the critical boson-fermion interaction
strength to support quantum droplets can be further
reduced by tuning the fermion-fermion interaction from
Bardeen-Cooper-Schieffer (BCS) side toward resonance.
This is facilitated by a modified boson-fermion fluctua-
tion energy, which can turn from positive to attractive
as the fermion-fermion interaction is tuned. This addi-
tional attractive contribution to the interaction energy
relaxes the requirement on a large boson-fermion inter-
action, giving rise to a larger stability region of droplets
when the system is tuned away from the weak-coupling
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2BCS limit. On the BEC side, the system can be con-
sidered as a mixture of a single-component BEC and a
composite BEC of fermion dimers, provided the system
is in the deep BEC regime. We show that droplets can
be stabilized by the LHY corrections of the two BECs,
against the attractive boson-dimer interactions. Remark-
ably, droplets can be stabilized over a considerable region
on the BEC side, and at sufficiently small boson-fermion
interaction strengths which are readily achievable in cur-
rent experiments. Our finding provides a comprehensive
understanding of droplet formation in the mixed Bose-
Fermi superfluids, and serves as a useful guide for future
experiments.
Our work is organized as follows. In Sec. II, we present
our models on the BCS and BEC side of the resonance,
respectively. We analyze our main results in Sec. III, and
map out the phase diagram for stable droplets in Sec. IV.
Finally, we summarize in Sec. V.
II. MODEL
We consider a mixture of a single-component BEC and
a two-component Fermi superfluid. The intra-species in-
teraction is repulsive for the BEC, while the inter-species
interactions between the bosons and fermions are attrac-
tive. The interaction between the two spin species of the
Fermi gas can be turned across a wide s-wave Feshbach
resonance. The Hamiltonian of the system can be written
as
H =
∑
k
bkb
†
kbk +
Ub
2V
∑
k,k′,q
b†kb
†
q−kbq−k′bk′
+
∑
k,σ
fkf
†
k,σfk,σ +
Uf
V
∑
k,k′,q
f †k,↑f
†
q−k,↓fq−k′,↓fk′,↑
+
Ubf
V
∑
k,k′,q,σ
b†q−kf
†
k,σfq−k′,σbk′ , (1)
where b,fk = k
2/2mb,f , mb (mf ) is the mass of boson
(fermion) atoms, b†k (bk) creates (annihilates) a bosonic
atom with momentum k, f †k,σ (fk,σ) creates (annihilates)
a fermionic atom with pseudo-spin σ (σ =↑, ↓) and mo-
mentum k. The bare boson-boson interactions gb, the
bare boson-fermion interaction, and the bare fermion-
fermion interaction are related to the scattering lengths
ab, abf , and af , respectively, through the renormalization
relation 1/Ui = 1/gi − (1/V )
∑
kmi/k
2 (i = b, bf, f),
where gi = 4piai/mi, with mbf = 2mbmf/(mb+mf ) and
V the quantization volume. Here we take ~ = 1, and as-
sume that the interaction strength between bosons and
fermions is independent of fermion species. For a re-
pulsively interacting BEC and attractive boson-fermion
interaction, we have gb > 0 and gbf < 0.
On the BCS side of the Feshbach resonance, the bose-
fermion interaction is dominated by collisions of Bogoli-
ubov quasiparticles of the Bose and Fermi superfluids.
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FIG. 1: Functions (a) β
(
ab
af
)
and (b) f
(
mb
mf
, nb
nf
, ab
af
)
with
increasing ab/af on the BCS side of the resonance. We fix
the parameters abf/ab = −10, and nb/nf = 1. In (b),
the blue curve corresponds to the mass ratio mb/mf = 1,
and the red curve corresponds to mb/mf = 87/40. Here
β0 = 3(3pi
2)
2
3 /5mf and f0 = f (z, 1,∞) are respectively pro-
portional to the Fermi pressure and the second-order cor-
rections due to boson-fermion interactions, in the absence of
fermion pairing interactions. See Appendix for explicitly ex-
pressions for functions β and f .
Assuming small depletions of the superfluids, we rewrite
the Hamiltonian as
H = Eb + Ef +
∑
k
ωkα
†
kαk +
∑
k,σ
ξkβ
†
k,σβk,σ +Hint,
(2)
where αk (βk,σ) is the annihilation operator for the bo-
son (fermion) Bogoliubov quasiparticles, with dispersions
ωk =
√
bk(
b
k + 2gbnb) and ξk =
√
(fk − µ)2 + ∆2, re-
spectively. Here nb is the BEC density, µ and ∆ are
respectively the chemical potential and pairing order pa-
rameter of the Fermi superfluid. The ground-state energy
densities of the BEC and the Fermi superfluid, defined
as Eb,f = Eb,f/V , are respectively given as
Eb = gbn
2
b
2
+ gLHYn
5
2
b , (3)
Ef = 1
V
∑
k
(fk − µ− ξk +
∆2
2ξk
) + µnf
:= β
(
ab
af
)
n
5
3
f , (4)
where the second term in Eq. (3) corresponds to the
LHY correction, with gLHY = 64/(15
√
pi)gba
3
2
b , and nf
is the fermion density. The function β
(
ab
af
)
reflects the
reduced Fermi pressure in the presence of pairing super-
fluid, with β
(
ab
af
)
approaching unity in the BCS limit
[see Fig. 1(a) and Appendix].
The interaction term can be written in terms of quasi-
3(a) (b) (c) (d)
(e) (f) (g) (h)
FIG. 2: Energy-density contours on the nb–nf plane, for (a)(b)(c)(d) mb/mf = 1 and (e)(f)(g)(h) mb/mf = 87/40. Contours
in (a)(b)(e)(f) are calculated for the BCS side using Eq. (9), with (a)(e) ab/af = −2 and (b)(f) ab/af = −0.6. Those in
(c)(d)(g)(h) are calculated using Eq. (10) for the BEC region, with (c)(g) ab/af = 0.5 and (d)(h) ab/af = 1. The black dashed
lines represent zero-pressure (P = 0) contours on the density plane and the red dots represent the minimum energy on the
contours.
particle operators as
Hint = gbfnb
∑
k,σ
l2kβk,σβ
†
k,σ
+ gbf
√
nb
V
∑
k,q,σ,σ′
(uk + vk)mk+qlqα
†
−kβ
†
k+q,σβ
†
−q,σ′ ,
(5)
where {uk, vk} ({mk, lk}) are the Bogoliubov coefficients
for the boson (fermion) quasiparticles. More explicitly,
we have
u2k = 1 + v
2
k =
1
2
(
1 +
bk + gbnb
ωk
)
, (6)
l2k = 1−m2k =
1
2
(
1− 
f
k − µ
ξk
)
. (7)
From Eq. (5), the second-order energy correction for
the boson-fermion interaction can be derived, which takes
the form
E(2) = g2bfnfnb
∑
k
mbf
k2
− g2bfnb
∑
k,q,σ,σ′
(uk + vk)
2
l2qm
2
q+k
ωk + ξk+q,σ + ξq,σ′
− g2bfnb
∑
k,q,σ,σ′
(uk + vk)
2
lqmqlq+kmq+k
ωk + ξk+q,σ + ξq,σ′
:= g2bfnbn
4
3
f f
(
mb
mf
,
nb
nf
,
ab
af
)
, (8)
where the function f
(
mb
mf
, nbnf ,
ab
af
)
reflects the magnitude
of the second-order correction (see Appendix for its ex-
plicit form). In Fig. 1(b), we see that f
(
mb
mf
, nbnf ,
ab
af
)
,
being positive in the deep BCS regime, decreases as the
fermion-fermion interaction is tuned toward resonance,
and becomes negative in the strong-interaction regime on
the BCS side of the resonance. Such a behavior signals a
qualitative change in the second-order energy correction,
from repulsive (in the BCS limit) to attractive (close to
resonance), which significantly impacts the droplet for-
mation, as we show later.
It follows from the above derivation that the ground-
state energy density of the Bose-Fermi mixture is given
by
E =gbn
2
b
2
+ β
(
ab
af
)
n
5
3
f + gbfnbnf + gLHYn
5
2
b
+ g2bfnbn
4
3
f f
(
mb
mf
,
nb
nf
,
ab
af
)
, (9)
which is applicable on the BCS side of the resonance.
In the deep BEC regime, however, the boson-fermion
interaction involves breaking of composite bosons, which
are higher-energy processes than the collision be-
tween Bose atoms and composite bosons formed by
fermions [44, 45]. It is therefore convenient to treat the
system as a two-component BEC, with the ground-state
4energy density given by
E =gbn
2
b
2
+
gdn
2
f
2
+ gbdnbnf
+
8
15pi2
m
3
2
b (gbnb)
5
2 g
(2mf
mb
,
gdnf
gbnb
,
g2bd
gdgb
)
. (10)
Here gd = 4piad/md,gbd = 2piabd/mbd, where we take
ad = 0.6af [46], abd = mbdabf/mbf [44, 45], md = 2mf ,
mbd = 2mbmf/(mb + 2mf ). The last term in Eq. (10)
includes LHY corrections for the two-component BEC,
with the functional form of g given in the Appendix.
With Eqs. (9) and (10), we can determine the existence
and properties of the ground-state droplets through the
following conditions
(i) E < 0, P = 0
(ii) µb
∂P
∂nf
= µf
∂P
∂nb
(iii) ∂µb∂nb > 0,
∂µf
∂nf
> 0, ∂µb∂nb
∂µf
∂nf
>
(
∂µb
∂nf
)2 , (11)
where µb =
∂E
∂nb
, µf =
∂E
∂nf
and P = nbµb + nfµf − E .
We note that the chemical potential µ and the pairing
order parameter ∆ of the Fermi condensate are deter-
mined from the standard gap and number equations of
the mean-field BCS-BEC crossover theory [43].
III. QUANTUM DROPLETS IN MIXED
BOSE-FERMI SUPERFLUIDS
We are now in a position to numerically study the sta-
bility of droplets across the BCS-BEC crossover. How-
ever, we emphasize from the outset that, our approach
should provides an accurate description in the BCS- or
BEC-limit, it should fail in the unitary region close to res-
onance, due to the sensitivity of droplets to higher-order
quantum fluctuations that we neglect in our calculations.
In the intermediate region however, our approach should
provide a qualitatively valid picture. We therefore mostly
focus on the parameter range |ab/af | > 0.5 in the follow-
ing.
In Fig. 2, we show the calculated energy-density con-
tours on the plane of the boson and fermion densities (nf
and nb), with a large, attractive boson-fermion interac-
tion (abf/ab = −10) on either side of the resonance. Note
that we use ab and 2pi/(mba
5
b) as the units for length and
energy density, respectively. We see that, regardless of
the mass ratio, the energy densities feature a minimum
with E < 0 in either the deep BCS [Fig. 2(a)(e)] or the
deep BEC regime [Fig. 2(d)(h)]. However, as the fermion-
fermion interaction is tuned toward the resonance, the
energy-density minimum moves toward larger densities
on the BCS side [Fig. 2(b)(f)], but toward smaller den-
sities on the BEC side [Fig. 2(c)(g)]. While the domi-
nance of attractive (repulsive) energy contributions lead
to larger (smaller) densities, the tendencies discussed
above reflect the different nature and behavior of quan-
tum fluctuations in different regions of the BCS-BEC
crossover.
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FIG. 3: Densities of stable droplets for (a)(c) mb/mf = 1, and
(b)(d) mb/mf = 87/40, throughout the BCS-BEC crossover.
The blue, red, and black lines respectively correspond to
abf/ab = −18, abf/ab = −14, and abf/ab = −10. The solid
lines are calculated using Eq. (9), and the dashed lines are
calculated using Eq. (10). The magenta dash-dotted lines in-
dicate positions of ab/af = ±0.5.
To confirm the tendency observed above, we apply the
conditions in Eq. (11) to solve for stable droplets. The re-
sulting zero-pressure contours are shown as black dashed
lines in Fig. 2, against the energy-density contours. The
red dots mark the energy minima along the correspond-
ing contours, which determine the condition for stable
droplets. Consistent with the observations above, we find
that when the fermion-fermion interaction ab/af is tuned
toward resonance, stable droplets on the BCS side fea-
ture increased densities, whereas those on the BEC side
have decreasing fermion densities but slightly increased
boson densities. However, the boson density cannot in-
crease indefinitely along the contour. As the fermion-
fermion interaction is tuned even closer to resonance (on
the BEC side), the boson density should increase toward
the peak value along the zero-pressure contour, before
rapidly decreasing on the other side of the peak.
In Fig. 3, we explicitly plot the boson and fermion den-
sities for the ground-state droplets as the fermion-fermion
interaction is tuned. For both mass ratios mb/mf = 1
[Fig. 3(a)(c)] and mb/mf = 87/40 [Fig. 3(b)(d)], the
boson and fermion densities monotonically increase to-
ward resonance on the BCS side. In the BCS regime,
such an increased density suggests the stabilization of
droplets when tuned toward resonance. However, consid-
ering atom-loss processes at large densities, the droplets
are practically unstable very close to the resonance, once
the densities become appreciable. By contrast, on the
BEC side, the fermion density still decreases monotoni-
cally toward resonance, while the boson density first in-
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FIG. 4: Boson and fermion densities of stable droplets with
varying boson-fermi interactions abf/ab, for (a)(c) mb/mf =
1 and (b)(d) mb/mf = 87/40, respectively. Both the BCS
side ab/af = −0.5 and BEC side ab/af = 0.5 are shown. the
solid lines are calculated using Eq. (9), and the dashed lines
are calculated using Eq. (10).
creases, but undergoes a rapid drop very close to res-
onance. We note that such a rapid drop in the boson
density on the BEC side could be avoided when fermion-
fermion fluctuations are taken into account, which should
be attractive [47], and significant close to resonance. Our
results thus suggest that, while droplets are stabilized
over a considerable parameter region on either side of the
resonance, their stability near the resonance sensitively
depends on higher-order fluctuations. Furthermore, the
stabilization of droplets on different sides of the reso-
nance are due to the quantum fluctuations of different
physical origin. On the BCS side, the dominant fluctu-
ation energy comes from the second-order correction in
the boson-fermion interaction which becomes less repul-
sive and even negative close to resonance. Whereas in
the deep BEC regime, it main comes from the repulsive
LHY corrections.
On the other hand, under a fixed fermion-fermion in-
teraction on either side of the resonance, both fermion
and boson densities of a stable droplet first increase then
decrease as the attractive boson-fermion interaction be-
comes weaker (smaller |abf |). Such a non-monotonic
behavior is illustrated in Fig. 4, which suggests that
droplets are destabilized by dominant repulsive energy
contributions for sufficiently small boson-fermion interac-
tions. While a similar situation occurs for a Bose-Fermi
mixture with non-interacting Fermi gas, a key question
here is whether droplets in a mixture of Bose-Fermi mix-
ture can still survive under a weak boson-fermion inter-
action.
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FIG. 5: Phase diagram for stable droplets for the mass ratio
(a)mb/mf = 1, and (b)mb/mf = 87/40. The shaded area in-
dicate the region |ab/af | < 0.5, where our approach becomes
unreliable. The phase boundaries (solid and dashed blue
curves) are determined by the threshold max(nba
3
b , nfa
3
b) =
10−7. The solid boundary is calculated using Eq. (9), and the
dashed one is calculated using Eq. (10).
IV. PHASE DIAGRAM
To address the question, in Fig. 5, we show the phase
diagrams for stable droplets on the abf/ab–ab/af plane
for different mass ratios. As discussed previously, we
only focus on the region with |ab/af | > 0.5 where our
approach is qualitatively reliable. The phase bound-
aries between the liquid (Stable) and gas (Unstable)
regions are determined by the small-density threshold
max(nba
3
b , nfa
3
b) = 10
−7 (solid blue lines on the BCS
side and dashed blue lines on the BEC side), where den-
sities for stable droplets become vanishingly small under
a dominant repulsive energy contribution.
On the BCS side, our phase diagrams clearly indi-
cate the increased stability of droplets at weaker boson-
fermion interactions, when the fermions are tuned closer
to resonance. This is a direct consequence of the decrease
in the repulsive second-order boson-fermion fluctuation
energy, as shown in Fig. 1(b). Furthermore, the critical
boson-fermion interaction abf/ab for stable droplets re-
mains small over a large region on the BEC side. For
instance, in the BEC limit, the droplets are stable for
abf/ab < −0.45 with mb/mf = 1, and abf/ab < −0.41
with mb/mf = 87/40. Thus, an important message here
is that stable droplets can be observed in a mixture of
Bose-Fermi superfluids under a relatively weak boson-
fermion interactions, either on the BCS side or, more
dramatically, on the BEC side of the fermion-fermion
Feshbach resonance. As a concrete example, we consider
a mixture of 87Rb and 40K, close to the wide Feshbach
resonance of 40K near 202G. Here the scattering lengths
are: 95a0 between
87Rb and 87Rb atoms, −261a0 be-
tween 87Rb and 40K, with a0 the Bohr radius. We there-
fore have abf/ab ≈ −2.75, which should feature stable
droplets on the BEC side of the resonance, according
to the phase diagram. Further, for a typical density
nb = 5 × 10−14cm−3, we have nba3b ≈ 10−5, which is
on the order of stable densities shown in Fig. 3.
6V. SUMMARY AND DISCUSSION
To summarize, we study the formation of quantum
droplets in a mixture of Bose-Fermi superfluids, where
the fermion-fermion interaction is tuned across a wide
Feshbach resonance. We show that droplets can be sta-
bilized over a considerable region on both sides of the
Feshbach resonance, facilitated by fluctuations associated
with fermion pairing. Our key finding is that it is possible
to stabilize droplets under a weak boson-fermion interac-
tion, particularly on the BEC side of the fermion-fermion
Feshbach resonance. This should facilitate the experi-
mental observation of droplets in Bose-Fermi mixtures,
where experimentally attainable abf is typically small in
the absence of a boson-fermion Feshbach resonance. Fi-
nally, we note that we have neglected fluctuation energy
of the fermion-fermion interaction for our calculation, as
well as higher-order fluctuations. These contributions
should ultimately determine the fate of droplets in the
unitary region close to the Feshbach resonance. For ex-
ample, the inclusion of the attractive, second-order cor-
rection of the fermion-fermion fluctuation [47] would pro-
vide a competition against the LHY corrections on the
BEC side, thus further enhance droplet formation on the
BEC side. However, the same contribution would further
increase the density of stable droplets close to resonance
on the BCS side, which would practically destabilize the
system due to atom loss. These considerations suggest
that droplet formation in the unitary region is still an in-
teresting open question, which we leave to future studies.
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Appendix A: Definition of various functions
In this Appendix, we define the dimensionless functions β( abaf ), g
(
2mf
mb
,
gdnf
gbnb
,
g2bd
gdgb
)
, and f
(
mb
mf
, nbnf ,
ab
af
)
. Explicitly,
we have
β
(
ab
af
)
=
(
3pi2
) 2
3
2mf
{3
2
∫ ∞
0
t2dt
t2 − µ˜−√(t2 − µ˜)2 + ∆˜2 + ∆˜2
2
√
(t2 − µ˜)2 + ∆˜2
+ µ˜}, (A1)
g(z, y, x) =
15
32
∫ ∞
0
t2dt
∑
±
√
G+
2
±
√
G2−
4
+
xt4
z
−
(
t2
2
+ 1
)
−
(
t2
2z
+ y
)
+
1 + zy2 + 4 z1+zx
t2
 , (A2)
G±(k, z, y) = k
2
2
(
k2
2
+ 2)± k
2
2
(
k2
2z
+ 2y), (A3)
f
(
z,
nb
nf
,
ab
af
)
=
(
3pi2
) 2
3
2pi2
∫ ∞
0
dt

1 + z
z
− 3
2
∫ ∞
0
h2dh
∫ 1
−1
dΩ
zt3√
t2 + 4piabnb
(3pi2nf )
2
3
×
[
1− t2−µ˜√
(t2−µ˜)2+∆˜2
] [
1 + t
2+h2+2htΩ−µ˜√
(t2+h2+2htΩ−µ˜)2+∆˜2
]
+ ∆˜
2√
(t2−µ˜)2+∆˜2
√
(t2+h2+2htΩ−µˆ)2+∆˜2
t
√
t2 + 4piabnb
(3pi2nf )
2
3
+
√
(t2 + h2 + 2htΩ− µ˜)2 + ∆˜2 +
√
(t2 − µ˜)2 + ∆˜2
 . (A4)
Here µ˜ = µ/F , ∆˜ = ∆/F , with F = (3pi
2nf )
2
3 /2mf .
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